.-Indole excretion occurred early in the exponential growth phase, and derived mainly from biosynthetic intermediates of tryptophan. Tryptophan cleavage by tryptophanase contributed about 1.5% of the indole excreted. In the presence of exogenous tryptophan (5 to 10 ,ug/ml), excretion of early indole was not observed. Experiments with isotopically labeled indole and tryptophan showed that a low rate of endogenous tryptophan biosynthesis occurred constantly during growth. Both exogenously and endogenously supplied tryptophan were degraded by tryptophanase. As a consequence, the intracellular tryptophan concentration appeared to be maintained at a constant low level. It was suggested that the action of tryptophanase is an example of an enzymatic mechanism which controls the level of a specific metabolite pool.
We previously reported that Bacillus alvei has a tryptophanase similar in many respects to the tryptophanase of Escherichia coli (5) . The physiological state of the enzyme in B. alvei differs from that of E. coli in its noninducibility by tryptophan and nonrepressibility by catabolites. The constitutive level of the enzyme is considerably lower than the fully induced level of the enzyme in E. coli. The seeming paradox of an enzyme quantitatively similar to the tryptophanase of E. coli with respect to enzymatic properties, and completely dissimilar with respect to physiological status, led us to investigate further the role of this enzyme in the tryptophan metabolism of B. alvei.
In recent times, a number of investigators have tried to correlate the function of tryptophanase and tryptophan synthetase enzymes in the control of tryptophan biosynthesis in E. coli. Freundlich and Lichstein (4) investigated the levels of the two enzymes under a number of conditions. They showed that the level of one enzyme is inversely related to the level of the other. The level of tryptophanase increases with higher levels of tryptophan, while the level of tryptophan synthetase decreases. Newton and Snell (9, 10) showed that tryptophanase can catalyze the synthesis of tryptophan from indole and serine.
Under certain conditions, tryptophanase can serve in lieu of a normal tryptophan synthetase.
This occurs if the enzyme is constitutive or is induced by tryptophan analogues when indole is present in the medium. The availability of this mechanism for tryptophan synthesis in the normal nonconstitutive organism is in doubt. Thus, Yanofsky (12) reported that, when tryptophan is the growth supplement, mutants which lack a functional B protein and are unable to use indole for tryptophan biosynthesis reach a lower level of growth than do tryptophanless mutants which have a functional B protein and are able to use indole. This observation was most probably due to degradation of part of the tryptophan by tryptophanase.
When B. alvei is supplied with an exogenous source of tryptophan, indole appears in the culture medium in response to the exogenous level of tryptophan (5) . Even when low levels of tryptophan (e.g., 5 or 10 ,g/ml) are present, indole appears when the tryptophan is utilized from the medium. Indole is excreted until the exogenous tryptophan is depleted, at which time the indole is rapidly reutilized by the organism. Reutilization was shown to be dependent on the function of a normal tryptophan synthetase. If no tryptophan is supplied to the medium, indole appears in the culture medium but at an earlier physiological age. Early indole was shown to be a function of tryptophan biosynthesis, generated by the fission of indole-3-glycerol phosphate (IGP).
To clarify the events leading to indole excretion, experiments were undertaken with isotopically labeled tryptophan. The utilization of tryptophan, and the concomitant indole excretion, were investigated, and data are presented for a physiological role for tryptophanase in the control of tryptophan biosynthesis. A later communication will report investigations on the formation of early indole.
MATERIALS AND METHODS
Bacteria. The bacteria used in this investigation have been described earlier (5) . All mutants were derived from B. alvei ATCC 6348.
Growth. The bacteria were grown overnight in 2% (w/v) Trypticase (BBL). The inoculum for this culture was kept sufficiently small so that the culture was in exponential growth when transferred. After sedimentation at 8,700 X g for 15 Determination of tryptophan. Tryptophan in culture supernatant fluids was digested with partially purified E. coli tryptophanase by the method of Frank and DeMoss (3). The indole formed was extracted into toluene, and samples of the toluene layer were assayed for indole (5) . In isotope experiments, a sample of the toluene layer was also assayed for radioactivity.
Measurement of radioactivity. Trichloroacetic acidsoluble and -insoluble counts were performed on samples of the culture as described by Britten and McClure (1) . Indole and radioactivity in culture supernatant fluids were determined as previously
Special chemicals. L-Tryptophan-2-C"4 was prepared enzymatically from indole-2-C'4 (Calbiochem) with tryptophan synthetase. L-Tryptophan-UL-IH was purchased from Volk Radiochemical Co., Burbank, Calif. Indole-UL-H3 was prepared from L-tryptophan-UL-H3 by digestion with tryptophanase.
RESULTS
Indole excretion. A culture growing in a medium devoid of exogenous tryptophan excretes indole at an early physiological age (5) . Indole appears at the onset of exponential growth, rises to a maximum, and is completely reutilized before maximal growth is attained. The addition of tryptophan at concentrations of 5 ug/ml or greater completely represses the formation of early indole, but an indole excretion occurs later in the growth period. Late indole is derived from the tryptophan supplied to the medium. The source of the early indole was shown by isotope experiments to be the fission of IGP (5).
Since 1 ,ug/ml of tryptophan did not repress early indole formation, and 5 ,ug/ml effected complete repression, it was of interest to examine the indole-excretion kinetics at several low levels of tryptophan. In Fig. 1 , the indoleexcretion kinetics for 1, 2, and 3 sg/ml of tryptophan are depicted. As the exogenous concentration of tryptophan was raised, there was a progressive decrease in the amount of early indole produced and more of a contribution of late indole. The late indole shoulder at 1 ,g/ml (Fig. 1A) is not usually noticed at this concentration, and may be due to a small amount of tryptophan brought in with the inoculum.
If early indole is a manifestation of unrepressed tryptophan biosynthesis, and late indole that of the repressed biosynthetic system, raising the exogenous tryptophan concentration to inter- The wild-type strain was cultured at 37 C in mineral saltsthiamine medium supplemented with 1% acid-hydrolyzed casein and 10 jug of indole-2-C'4 per ml. Samples of the culture were withdrawn at 30-min intervals, and the cells were sedimented by centrifugation at 8,700 X g for 15 min. The supernatant liquid was extracted with toluene, and indole was determined in the toluene layer. Samples of the toluene layer were assayed for radioactivity. Indole, *; counts per minute per millimicromole of indole, 0. mediate low levels (e.g., 3 Ag/ml) shows the indole-excretion kinetics for the partially repressed state. At the low levels of tryptophan used in this case, it is reasonable to assume that the mechanism for the decrease in early indole production is feedback inhibition of tryptophan biosynthesis by the supplied tryptophan rather than repression of the biosynthetic enzymes. The kinetics of indole excretion suggest that a particular level of intracellular tryptophan must be reached before the system is in equilibrium.
Utilization of indole. Figure 2 shows the kinetics of indole utilization when B. alvei was transferred to an environment with 10 ,ug/ml of indole. The indole was not utilized by the cell until after an additional amount of biosynthesized indole was excreted into the culture medium. Furthermore, once indole utilization from the medium began, the isotopic specific activity of the exogenous indole decreased. It Isotopic tryptophan uptake by the wild-type strain. Figure 3 shows the tryptophan-uptake and indole-excretion kinetics when the wild-type organism was grown in the presence of 15 ,ug/ml of L-tryptophan-2-C'4. After about 1.6 generations, detectable tryptophan utilization commenced; concomitantly, indole appeared in the culture. The amount of indole increased until 6 hr, when exogenous tryptophan disappeared from the culture. During the period of tryptophan uptake and indole accumulation, the specific activity of the tryptophan in the medium remained at a constant value (the mean of nine determinations was in the indole accumulating in the culture medium is expected if a constant low rate of endogenous indole synthesis occurred during this period.
Once the tryptophan disappeared from the medium, the accumulated indole was reutilized for tryptophan synthesis. During this time, the specific activity of the indole fell drastically, indicating the endogenous synthesis of indole at a significantly higher rate. Thus, even though sufficient tryptophan is present to supply the needs of the cell, endogenous synthesis of indole or tryptophan, or both, proceeds constantly.
Contribution of tryptophanase to early indole. We have previously shown that the addition of I pg/ml of tryptophan to the culture medium does not affect early indole formation, whereas higher amounts (5 ,ug/ml) repress formation. Furthermore, if isotopically labeled tryptophan is added to the medium at a level of 1 ,lg/ml, none of the label appears in the early indole formed (5) . These data ruled out the cleavage of tryptophan as a source of early indole, and suggested that the indole arises from fission of IGP. The experiment, however, did not test the possibility that tryptophan cleavage occurs after the level of indole has reached a maximum, because the isotope was completely incorporated into protein by that time.
To assess any contribution of tryptophan cleavage, it was necessary to keep labeled tryptophan in the internal tryptophan pool during the period in question. This prerequisite was met by continuously feeding to the culture low concentrations (ca. 0.01 ,Ag per ml per hr) of typtophan of high specific activity. This concentration of tryptophan would not alter the kinetics of early indole formation, and would allow detection of any label in the indole. Figure 4 shows the kinetics of the appearance of labeled indole in this experiment. As was previously shown, tryptophan cleavage does not contribute to indole formation during the rising slope of indole appearance, giving strength to the argument that IGP fission is the predominant source of early indole. Once the indole reached a maximum and reutilization began, the cleavage of tryptophan was more apparent. The fact that the specific activity of the indole increased even though it was being reutiiized suggests that the indole was undergoing cyclic formation and reutilization.
The assumption that the indole is undergoing cyclic formation and utilization is based on the cleavage of a small percentage of the input tryptophan to indole. The input tryptophan contained 6,800 counts per min per mnmole. Since the tryptophan was randomly labeled with tritium, the specific activity of the indole portion of the molecule is unknown. If one assumes that 50% of the counts are in the indole ring, the maximum indole accumulating from the radioactive tryptophan (Fig. 4A) is 0.25 nw,nole; i.e., exogenous tryptophan provides about 1.5% of the total indole at 6 hr.
DIscussioN
The constitutive production of tryptophanase by B. alvei is manifest in its effect on tryptophan utilization. The addition of tryptophan, even in small amounts, results in a subsequent excretion of indole into the culture medium. The amount of indole excreted depends on the oriinal tryptophan concentration supplied. The concen-tration of excreted indole represents, at most, 15 to 20% of the original tryptophan supplied when intermediate levels (5 to 15 ,ug/ml) are used. The addition of higher levels of tryptophan results in indole accumulation and incomplete reutilization by the cell. When low levels (1 to 3 ,ug/ml) of tryptophan were supplied, the indole that was formed was reutilized by the cell before maximal growth was attained.
It was desirable to identify the immediate precursor of early indole, since indole can arise as a consequence of IGP fission as well as of tryptophanase activity. The addition of 1 ,g/ml of labeled tryptophan to the medium did not repress early indole synthesis, and none of the label appeared in the indole; this suggests that the early indole was due to the fission of IGP, or to a different, unknown, pathway for indole synthesis. The feeding experiments, involving continuous addition of labeled tryptophan, pointed to IGP as the immediate precursor of indole, since the early indole was not significantly labeled.
The feeding experiments revealed another phenomenon, which was not recognized earlier.
Even though early indole had reached a maximal value and was declining, the isotopic specific activity of the indole was rising. This observation indicated that tryptophan fission was occurring simultaneously. The fission of IGP as the mechanism for early indole synthesis was now further complicated by the fact that indole was being produced by tryptophan fission when the indole was being reutilized. The total early indole must then be a composite of IGP fission and tryptophan fission, though the latter contributes only a minute fraction of the total indole.
In any case where indole was being reutilized by the cell, the indole was diluted by endogenously synthesized indole. While the indole was undergoing reutilization, the isotopic specific activity of the indole was continually undergoing dilution. Simple cyclic excretion and reutilization of indole would not be expected to alter the specific activity of the indole. Intracellular mixing of tryptophan, formed endogenously and from exogenous indole, would effect dilution of the isotope in indole. Thus, we suggest that the ex-'ernal indole and the internal tryptophan are part of a cycle mediated by tryptophanase and tryptophan synthetase.
The physiological significance of such a cycle is apparent if one considers the effect of this cycle on the internal metabolic pool of tryptophan. The concerted action of the two enzymes would be expected to keep the metabolic pool of tryptophan at a nearly constant size, by virtue of the affinity of the enzymes for their respective substrates and the equilibrium tryptophan value for the dual enzyme system. If the size of the metabolic pool determines the degree of inhibition of tryptophan biosynthesis by feedback inhibition, the action of this enzyme system would keep the rate of endogenous tryptophan biosynthesis at a low but finite level.
Tryptophanase is postulated to act in the role of an overflow valve to keep the size of the metabolic pool below a certain level. The indole formed by tryptophanase activity can be easily shunted back to tryptophan via tryptophan synthetase. The concerted action of degradative and biosynthetic enzymes in the maintenance of a specific level of a particular metabolite may be designated as a "specific metabolite pool control" mechanism. The general applicability of this type of control mechanism can be envisioned where the product of a degradative enzyme (or enzymes) of a metabolite can be reutilized for biosynthesis of the metabolite.
The pool size maintained by this mechanism is not sufficiently large to eliminate completely the biosynthesis of a small amount of tryptophan. That endogenous synthesis is maintained at a constant rate is evident from the constant but lower specific activity of the indole excreted during tryptophan uptake. A number of observations indicate that the lower specific activity of indole is significant. If a mutant unable to synthesize tryptophan is subjected to the same experiment, the indole that appears in the culture medium has the same isotopic specific activity, within experimental error, as that of the tryptophan supplied (5) . Furthermore, an analysis of tryptophan incorporation from the growth medium in wild-type and mutant organisms indicates that the wild-type organism incorporates tryptophan at a lower rate than does the mutant (Hoch and DeMoss, unpublished data). The present data indicate that the endogenous rate of synthesis is significant even under conditions of tryptophan excess. After exhaustion of tryptophan, feedback inhibition is released and endogenously synthesized indole appears, even though indole uptake is occurring at a rapid rate. This situation is probably due to a period of adjustment when feedback release overcompensates for the decreased tryptophan level, and the safety valve (tryptophanase) corrects the overcompensation by excreting indole. When exogenous tryptophan is exhausted, the internal tryptophan pool size is maintained at a new lower level so that endogenous synthesis can supply the needs of the cell. The new level of tryptophan is not high enough for tryptophanase appreciably to effect cleavage to indole.
It is conceivably advantageous for the cell to continue tryptophan synthesis at a low level under conditions of excess exogenous tryptophan, especially if part of the tryptophan pathway were used for the biosynthesis of other small molecules. The general aromatic pathway synthesizes phenylalanine, tyrosine, p-aminobenzoic acid, and p-hydroxybenzoic acid, in addition to tryptophan; several of the enzymes involved appear to be common to all products. In addition to these products, the synthesis of vitamin K and ubiquinone has been shown to occur via this pathway, although the precursors have not been established (2) . The possibility exists that an intermediate of tryptophan biosynthesis is also an immediate precursor of one of the aromatic products or some other small molecule needed in small amounts. Morgan et al. (8) showed that tryptophan exerts feedback inhibition on the first enzyme specific to anthranilate synthesis. If the precursor for the hypothetical small molecule occurred subsequent to this reaction, it would be advantageous for the cell to avoid total feedback inhibition. The maintenance of a small tryptophan pool would satisfy the requirement, and can be achieved by degradation of excess tryptophan by the action of tryptophanase.
The tryptophan-indole cycle of B. alvei appears to be similar to the anthranilic acid cycle in Neurospora described by Matchett and DeMoss (6, 7). The anthranilic cycle, however, is inducible and may serve primarily in a catabolic role. Matchett (5a) found another route of tryptophan degradation in this organism, in addition to the anthranilate cycle. A constitutive tryptophan transaminase is present, which converts tryptophan to indole-pyruvic acid. The striking similarity of this system to the tryptophanase system of B. alvei is in the kinetics of indole-pyruvic acid accumulation during tryptophan utilization. When tryptophan was utilized from the medium, the extracellular level of indole-pyruvic acid increased, reaching a maximal value just before all of the tryptophan has disappeared from the medium. Indole-pyruvic acid was promptly reutilized. These kinetics correspond exactly to those of late indole formation in B. alvei; in both organisms, the respective enzymes are constitutive.
